A numerical simulation of a high-velocity impact of reinforced concrete structures is a complex problem for which robust numerical models are required to predict the behavior of the experimental tests. This paper presents the implementation of a numerical model to predict the impact behavior of a reinforced concrete panel penetrated by a rigid ogive-nosed steel projectile. The concrete panel has dimensions of 675 mm Â 675 mm Â 200 mm, and is meshed using 8-node hexahedron solid elements. The behavior of the concrete panel is modeled using a Johnson-Holmquist damage model incorporating both the damage and residual material strength. The steel projectile has a small mass and a length of 152 mm, and is modeled as a rigid element. Damage and pressure contours are applied, and the kinetic and internal energies of the concrete and projectile are evaluated. We also evaluate the velocity at different points of the steel projectile and the concrete panel under an impact velocity of 540 m/s.
Introduction
It is well known that concrete is much stronger in terms of compression than in tension. Because of its high compressive strength, and to enhance its tensile strength, tensile reinforcements are added to concrete elements subjected to tensile loading (Rabczuk & Belytschko, 2006; Rabczuk, Akkermann, & Eibl, 2005; Rabczuk, Zi, Bordas, & Nguyen-Xuan, 2008) . A concrete material is subjected to static and dynamic loads. The static loads are permanent, whereas the dynamic loads vary over time. Among the dynamic loads, impact loads, which have catastrophic consequences on the structures, are included. An analysis of the impact behavior of reinforced concrete (RC) structures has been of significant interest in recent decades (Diyaroglu, Oterkus, Madenci, Rabczuk, & Rabczuk, 2016; Hu et al., 2017; Kalameh, Karamali, Anitescu, & Rabczuk, 2012; Levi-Hevroni, Kochavi, Kofman, Gruntman, & Sadot, 2018; Rabczuk & Eibl, 2006) . Numerous experimental investigations have been carried out on the impact behavior of reinforced concrete structures, through which the compressive strength of concrete has been highlighted to describe its influence on the impact resistance. Many results have shown that the impact resistance of RC concrete is improved when high strength concrete is used (Guo, Gao, Jing, & Shim, 2017; Luccioni et al., 2017) . However, Hanchak, Forrestal, Young, and Ehrgott (1992) revealed an exception of this behavior through impact tests applied to concrete slabs penetrated by an ogive-nosed steel projectile using different amounts of unconfined compressive strength, namely, 48 and 140 MPa, and reinforced with 5.69 mm diameter bars.
The projectile perforation was undertaken with velocities of 300-100 m/s. The results of the experimental tests showed that an increase in the compressive strength has a minor influence on the impact resistance. Borvik, Langseth, Hopperstad, and Polanco-Loria (2002) carried out experimental ballistic penetration tests on fiberreinforced high-performance concrete slabs penetrated by steel conical-nosed projectiles. The nominal compressive strengths of the concrete slabs were 75, 150, and 200 MPa. It was concluded that the ballistic limit velocity increases to a maximum of 20% even if the unconfined compressive strength of the concrete increases. Li, Wu, Hao, Wang, and Su (2016) studied the brittle behavior of concrete slabs, in which conventional and ultra-high performance concrete with different slab depths and spacing of the principal reinforcements were subjected to a contact explosion. The results showed that ultra-high performance concrete displays an improved resistance compared to conventional concrete. Othman and Marzouk (2016) conducted experimental tests to describe the effects of the steel reinforcement distribution on the dynamic behavior of reinforced concrete plates under impact loads. Their results showed that the impact energy is unaffected by variations in the ratio and distribution of a steel reinforcement when the same impact loads are applied. However, it was found that only the distribution of the steel reinforcement affects the crack pattern and failure mode. Rajput and Iqbal (2017) studied experimentally the ballistic performance of plain, reinforced, and pre-stressed concrete plates subjected to ogive-nosed steel projectiles with a diameter of 19 mm. The velocity applied during their experimental tests varied from 60 to 220 m/s. It was found that the reinforcement minimizes the scabbing and spalling of concrete.
Although experimental investigations are important, there is always an important need for the implementation of numerical models. Numerous numerical models have been implemented with regard to the impact behavior of reinforced concrete structures. Xu, Hao, and Li (2012) implemented a dynamic impact model on steel fiberreinforced concrete (SFRC) samples in which the steel fibers, aggregates, and cement mortar content were taken into account in the description of the impact behavior of SFRC. It was shown that the ductility of SFRC increases when fibers are added to the concrete, and the stress and strain redistribution becomes clear in the presence of such fibers. It was also observed that an increase in the amount of fibers has a direct influence on the dynamic increase factor (DIF). Feng, Yao, Li, and Li (2017) conducted a numerical investigation on the impact behavior of a plain concrete slab penetrated by a steel projectile using the lattice discrete particles model (LDPM) when considering the interaction between constituents at the mesoscale. Navas, Yu, Li, and Ruiz (2018) developed a new mesh-free method to describe the behavior of brittle materials subjected to an explosion. Many other numerical investigations have demonstrated the importance of using a mesh-free method in the dynamic modeling of a fracture (Amiri, Anitescu, Arroyo, Amiri, Millan, Shen, Rabczuk, & Arroyo, 2014; Rabczuk & Belytschko, 2007; Rabczuk & Belytschko, 2010; Rabczuk, Areias, & Belytschko, 2010a Rabczuk, Bordas, & Askes, 2010a Zi, Rabczuk, & Wall, 2007) , as well as multi-scale modeling (Budarapu, Gracie, Bordas, & Rabczuk, 2014; Budarapu, Gracie, Yang, Zhuang, & Rabczuk, 2014; Talebi, Silani, & Rabczuk, 2015; Talebi, Silani, Bordas, Kerfriden, & Rabczuk, 2014) . In addition, recent insights have also been achieved in the area of fracture mechanics, in which different methods were used, such as a mesh refinement, phase field analysis, and element-wise based fracture models Areias, Rabczuk, & Camanho, 2014; Areias, Rabczuk, & Dias-Da-Costa, 2013; Areias, Reinoso, Camanho, César de Sá, & Rabczuk, 2017) . Other impact models based on continuum damage mechanics have also been implemented Dunant, Bordas, Kerfriden, Scrivener, & Rabczuk, 2011; Silani, Talebi, Hamouda, & Rabczuk, 2016; Thai, Rabczuk, Bazilevs, & Meschke, 2016) . Pereira, Weerheijm, and Sluys (2018) proposed a new damage model based on an effective rate-dependent framework to simulate the ballistic behavior of concrete structures. Ismail, Zairi, Nait-Abdelaziz, and Azari (2012) proposed a combined numerical and experimental approach to estimate the continuum damage stress limits of glass impacted by solid particles.
In the present paper, the impact behavior of a reinforced concrete panel penetrated by a rigid steel ogive-nosed projectile is numerically studied. The concrete material is modeled using the Johnson-Holmquist damage model (JH-2). An analytical rigid element with a reference point assigning its mass is used to simulate the steel projectile. A general contact surface with nodal erosion is adapted to simulate the contact between the projectile and concrete panel. The numerical commercial package Abaqus/Explicit is used in this paper. The variations in the velocity of the concrete panel and steel projectile at different points are described. We also evaluate the evolution of damage and pressure in the concrete panel, as well as the analysis of the kinetic energy of the projectile and the internal energy of the concrete panel under an impact velocity of 540 m/s.
Johnson-Holmquist damage model (JH-2)
Several constitutive models have been used for a description of the dynamic behavior of brittle materials under impact loads. In this paper, the JohnsonHolmquist damage model (JH-2) is used to analyze the impact behavior of a reinforced concrete panel penetrated by a steel ogive-nosed projectile. JH-2 is the second version of the Johnson-Holmquist (JH-1) ceramic model (Johnson & Holmquist, 1992) , which is able to simulate the impact behavior of brittle materials, such as the dilatation, pressure-strength dependence, and strain-rate effects resulting from damage (Holmquist, Johnson, & Cook, 1993) . According to the JH-2 model, the yield strength degrades with damage accumulation, whereas in the JH-1 model, the yield strength degrades when a critical amount of damage is reached. The strength is defined in terms of the equivalent stress as follows:
where r Ã i is the normalized intact equivalent stress, D is the damage variable, and r Ã f is the normalized fractured equivalent stress. It should be noted that the intact and fully damaged materials are represented by the damage values D ¼ 0 and D ¼ 1, respectively. The equations of strength can also be defined in a general form by normalizing the terms in Eq. (1) to the equivalent stress at the Hugoniot elastic limit (HEL), which corresponds to a onedimensional shock wave that exceeds the elastic limit as follows:
where P HEL is the pressure at the HEL. After normalization, Eq. (1) can be rewritten as
According to the JH-2 model, it is assumed that the equation of the strength in the case of undamaged and fully damaged material states can be expressed as a function of the pressure and strain rate, respectively, as follows: . The normalized pressure is defined as
where P is the actual pressure. The normalized maximum tensile hydrostatic pressure is also written as
where T is the maximum tensile pressure supported by the material. The strain rate is given by _ e pl ¼ _ e À pl =_ e 0 , where _ e À pl is the equivalent plastic strain rate. The JH-2 model uses a similar damage accumulation of the Johnson-Cook model, and assumes that the damage increases along with the plastic strain as follows: 
where K 1 , K 2 , and K 3 are material constants, and l ¼ q=q 0 À 1, with q and q 0 indicating the current and reference densities, respectively. When a material fails, an additional pressure increment DP is included, which takes the following expression:
The determination of the pressure increment is determined based on the energy considered. When the material is damaged, the deviatoric elastic energy DU decreases owing to the decrease in strength. Figure 1 shows the relationship of the pressure-volumetric strain according to the JH-2 model.
The decrease in elastic energy is converted into the potential energy through an increase in the pressure increment DP ; such that
where b is the fraction of the elastic energy increase converted into potential energy (0 b 1).
Constitutive material model
Among the different dimensions of RC panels available, Wu, Fang, Peng, Gong, and Kong (2015) experimentally investigated the impact behavior of a reinforced concrete Figure 2 illustrates the front and rear surfaces of the damaged target (675 mm Â 675 mm Â 200 mm) after application of the impact test conducted by Wu et al. (2015) . The concrete panel is internally reinforced with three orthogonal layers of steel with a diameter of 6 mm, and the concrete cover is about 15 mm in depth. The geometry of the steel ogive-nosed projectile is 152 mm in length and 25.30 mm in diameter, with a caliber-radius-head (CRH) ratio of 3.0. Figure 3 shows the geometry configurations of the reinforced concrete panel and the steel ogive-nosed projectile. The reinforced concrete panel is modeled using the JH-2 model with the commercial package Abaqus/Explicit. The parameters of the JH-2 model are taken from (1993) (see Table 1 ). The projectile is modeled as an analytical rigid element with a mass assigned at a reference point with an initial velocity of 540 m/s. General contact between the projectile and surface of the concrete panel is considered. In the experimental impact tests of the reinforced concrete panel (Wu et al., 2015) , it was considered that the projectile should be consistently impacted between the steel reinforcement, which neglects the effects of the steel reinforcement on the impact resistance. It was demonstrated by Huang, Wu, Jin, and Zhang (2005) that a steel reinforcement does not have an effect on the resistance of a concrete target under an impact load because the diameter of the projectile is much smaller than the grid size of the steel reinforcement. Therefore, in the present work, the panel is considered to be plain concrete to simplify the numerical simulation. With the aim to save computational costs, only the half of the concrete (Wu et al., 2015) . Fig. 3 . Geometry of (a) reinforced concrete panel and (b) steel projectile (dimensions in mm). Table 1 Material parameters of the concrete material (Holmquist and Johnson. 1993) . 
panel and projectile is considered, as shown in Fig. 4 . A three-dimensional eight-node reduced integration (C3D8R) element was adopted with a 5 mm Â 5 mm Â 5 mm mesh at the impact location, and 20 mm Â 20 mm Â 20 mm mesh in the outer region.
Results and discussions

Damage and pressure contours
Figures 5 and 6 show the distribution of pressure and damage in the concrete panel, respectively, during the penetration of the steel projectile at a velocity of 540 m/s. The damage variable takes a value of 0.0 and 1.0 when the material is undamaged and totally damaged, respectively. The pressure is positive and ranges from 0 to 1.35 Â 10 7 N/m 2 , which corresponds to the amount of compression. It can be seen from Fig. 6 that the damage starts to initiate at the impact region with an expansion of the fracture around this region. From the plot of the pressure contour at time t = 0.000 4 s, it can be seen that the compressive wave passed through the thickness of the concrete panel, and a tensile wave developed in the free region at the middle of the concrete panel. This tensile wave resulted in an increase in the damage variable at the bottom edge of the C. Oucif, L.M. Mauludin / Underground Space xxx (2018) xxx-xxxconcrete panel. It can also be seen that the concrete panel is completely perforated at time t = 0.001 s owing to its large thickness, which can consequently reduce the velocity of the projectile and absorb the impact energy.
Kinetic and internal energies and velocity analysis
In this section, the kinetic energy of the projectile and the internal energy of the concrete panel are analyzed under an impact velocity of 540 m/s. We also evaluate the velocity of the projectile and concrete panel at different points under the same impact velocity of 540 m/s (see Fig. 7 ). Figure 8 shows the kinetic energy of the projectile and the internal energy of the concrete panel under the 540 m/s of impact velocity. It can be clearly seen from Fig. 8 that the kinetic energy of the projectile gradually decreases when the projectile starts to penetrate into the concrete panel. On the other hand, it is also observed that the internal energy of the concrete panel increases linearly until a time of 500 ls when the concrete panel is completely penetrated by the projectile, and the final kinetic energies of the projectile and concrete panel are 29.10 kJ and 24.30 kJ, respectively.
Figures 9 and 10 show the evolution of the velocity of the projectile (PP-1, PP-2, and PP-3) and concrete panel (CP-1, CP-2, and CP-3), respectively, at different points under an impact velocity of 540 m/s. From Fig. 9 , it can be clearly seen that the initial velocity of the projectile is 540 m/s, which decreases after the penetration of the concrete panel, and the velocity evolution at the three points of the projectile are similar because the projectile is assumed to be a rigid body. In addition, it can be clearly observed that at t = 0.000 4 s the velocity of the projectile starts to become stable, which is due to the full penetration of the projectile into the concrete panel, which matches the results illustrated in Fig. 5 . From Fig. 10 , it can be clearly seen C. Oucif, L.M. Mauludin / Underground Space xxx (2018) xxx-xxxthat the residual velocity at the point CP-2 is higher than the residual velocities at the points CP-1 and CP-3. This can be explained by the fact that point CP-2 is directly subjected to the impact load, and is separated from the other two points, which are not subjected to a high impact load.
Conclusion
A numerical simulation of the penetration of a highvelocity impact through a reinforced concrete panel was simulated in this work. Because of the neglected effects of the steel reinforcement on the impact resistance of reinforced concrete structures, the simulated target was considered as plain concrete. The concrete material was modeled using the Johnson-Holmquist damage model (JH-2), and the steel ogive-nosed projectile used was simulated as a rigid body with a mass of 0.386 kg assigned at a reference point. The variations in velocity at different points of the projectile and concrete panel, as well as the damage and pressure, were evaluated. Analyses of the internal energy of the concrete panel and the kinetic energy of the steel projectile were also conducted. The kinetic energy of the projectile was shown to decrease, and once the projectile penetrates into the concrete panel, the panel tended to absorb the energy of the projectile, and thus enhancing stability of the projectile. It was found that the results of the kinetic and internal energies fit the results of the damage and pressure in terms of the penetration time of the projectile into the concrete panel as well as the impact behavior. It was shown that the Johnson-Holmquist damage model (JH-2) can be utilized to describe the impact behavior of a plain concrete panel. Future work may focus on an analysis of the influence of the spatial and time discretizations, and the uncertain input parameters on the results of the impact modeling.
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